Objective-Children undergoing cardiac surgery with cardiopulmonary bypass (CPB) are susceptible to additional inflammatory and immunogenic insults from blood transfusions. We hypothesize that washing red blood cells (RBC) and platelets transfused to these patients will reduce post-operative transfusion-related immune modulation and inflammation.
Introduction
The heightened inflammatory state and altered hemostatic profile associated with cardiopulmonary bypass (CPB) (1) has been well described (2, 3) . Bioactive markers released in response to CPB have been implicated in many post-operative complications (4-9), contributing to organ dysfunction and adverse clinical outcomes (10) (11) (12) (13) . Surgical trauma, ischemic-reperfusion injury, activation of the coagulation/complement cascade (14, 15) , and blood transfusions (16) all contribute to post-operative systemic inflammation.
In adult cardiac surgery, leukoreduction of blood transfusions reduced the incidence of postoperative infection, multi-organ failure and mortality (17, 18) but similar studies have not been performed in children.
In adults following CPB, increased numbers of transfusions are associated with adverse outcomes, including wound infections (19) , nosocomial pneumonia (20) , renal dysfunction (21) , sepsis (22) , and mortality (23, 24) . There are no similar transfusion dose-outcome data in the pediatric cardiac surgical literature; although recent studies indicate that a restrictive transfusion strategy is well tolerated (25) , even in those with single ventricle physiology (26) .
Blood transfusions alter humoral and cellular immunity in the recipient (27) (28) (29) (30) (31) (32) . Whether the cells themselves, the supernatant, or both, contribute to inflammation and poor clinical outcomes attributed to transfusion-related immunomodulation remains unknown (33, 34) . Bioactive substances and microparticles (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) in the supernatant of stored RBCs likely serve as a secondary inflammatory insult, compounding the diffuse inflammatory response to CPB, and contributing to postoperative organ dysfunction (45) . Whether removal of these bioactive substances by post-storage RBC and platelet washing (46) can attenuate the recipient's inflammatory and immunogenic response, and improve post-operative clinical outcomes, remains to be studied. Washed transfusions have been associated with reduced cardiopulmonary complications in aggregate hospital data (47) and improved survival in acute leukemia in adults (48) .
We hypothesize that washing blood cell products transfused into pediatric patients undergoing open heart surgery will reduce post-operative inflammation (as evidenced by a lower interleukin (IL)-6:IL-10 ratio) and may improve clinical outcomes. The IL-6:IL-10 ratio was chosen as primary outcome since elevated levels of both interleukins have been found to prospectively identify increased morbidity and mortality in critically ill children (49, 50) , with higher ratios significantly associated with injury severity scores (51) , multiorgan failure (52, 53) , and death (54, 55) .
Our primary aim is to compare the 12-hour post-CPB interleukin (IL)-6 to IL-10 ratio in children status post open heart surgery randomized to a unwashed vs. washed RBC and platelet transfusion protocol. Secondary aims are to compare other laboratory measures of inflammation and immune response and clinical outcomes between transfusion groups.
Materials and Methods

Subjects
Children up to 18 years presenting to the University of Rochester Medical Center (URMC) for cardiac surgical repair/palliation with CPB were eligible. Exclusion criteria were: patent ductus arteriosus repair, if their parent/guardian was non-English speaking, if consent could not be obtained, or participation in another clinical transfusion trial. The protocol was approved by the URMC Research Subjects Review board and registered with ClinicalTrials.gov (NCT00693498).
Subjects were enrolled at their pre-anesthesia visit, with properly witnessed and documented informed consent. Once enrolled, subjects were divided into groups according to age and for the presence of cyanosis, and block randomization used to randomize subjects to the unwashed or washed transfusion strategy. The URMC blood bank was notified so that transfusions would be prepared accordingly.
Transfusion strategy
The transfusion strategy was initiated for the operating room and maintained until hospital discharge (including CPB prime). All blood products were pre-storage leukoreduced, irradiated and ABO identical, without restrictions on storage age.
Unwashed Group-All RBC and platelet transfusions were prepared according to standard protocol at the URMC for the duration of their hospital admission.
Washed Group-All RBC and platelet transfusions were post-storage washed for the duration of hospital admission.
The protocol could be temporarily suspended at the discretion of the attending physician should the time required to wash blood products (2 hrs for platelets; 30 minutes for RBCs at the URMC) interfere with patient care. The protocol was resumed promptly once the subject's condition no longer fulfilled the suspension criteria.
Surgical management
Peri-operative management including the initiation of anesthesia, CPB technique, and surgical repair was performed per current standard of care at URMC with the sole exception being the transfusion strategy. The cardiac surgeon (GMA, FG) was blinded to study assignment to prevent any potential bias on the surgical or CBP management. Obvious differences in packaging and labeling of washed blood products prevented blinding of the perfusionists and anesthesiologists.
The Terumo RX05 oxygenator (Terumo Cardiovascular Systems, Ann Arbor, MI) was used for subjects weighing ≤10kg, and the Terumo RX15 oxygenator for subjects >10kg. RBCs were used in CPB prime for infants weighing <10kg. Fresh frozen plasma (FFP), platelets and/or cryoprecipitate were never included in CPB prime, nor given routinely in the operating room. All patients were managed intra-operatively on CPB with unfractionated heparin adjusted according to activated clotting times and reversed with protamine. All patients received epsilon aminocaproic acid. Conventional ultrafiltration was employed for all study subjects as is current standard of care for all CPB cases performed at our center. All subjects undergoing deep hypothermic circulatory arrest (DHCA) and those children ≤ six months of age received steroids on CPB per our current standard of care.
Vasoactive medications (epinephrine, dopamine, and/or milrinone drips) were utilized to maintain hemodynamics during transition off CPB at the discretion of the cardiac surgical team. All patients remained intubated and sedated for transfer to the pediatric cardiac intensive care unit (PCICU). Surgical, CPB and transfusion details were collected, as well as any intra-operative complications (i.e., arrhythmias, acidosis, and/or poor ventricular function).
Post-operative management
Subjects were managed post-operatively per the current standard of care aside from their transfusion strategy. Subjects were weaned from mechanical ventilation and extubated as their cardiopulmonary status allowed. Crystalloid and/or 5% albumin were infused in 10-20mL/kg boluses for clinical findings of hypovolemia and poor cardiac output (i.e., tachycardia, poor pulses and perfusion, low urine output and/or hypotension) as needed to maintain hemodynamic stability. Vasoactive medications were adjusted to maintain hemodynamics and end-organ perfusion.
Transfusion of RBC, platelet and hemostatic products were based upon a standard PCICU protocol, and the protocol was adhered to throughout the trial. The RBC transfusion protocol takes into account: 1) the type of cardiac defect and repair, 2) the overall hemodynamic stability of the patient (as assessed by blood pressure, central venous pressure, oxygenation status, distal perfusion/toe temperature, urine output, serum lactate; and 3) the presence/ absence of active bleeding/MT output, in addition to the hemoglobin, platelet or coagulation profile. RBC were transfused in 10mL/kg volumes at a rate at the discretion of the prescribing physician.
The platelet transfusion protocol takes into account: 1) the presence/absence of active bleeding/oozing, 2) the type of cardiac defect and repair; and 3) the presence/absence of artificial shunts/conduits, in addition to the platelet count. Platelets were transfused in a volume of 10mL/kg, with the rate of transfusion at the discretion of the prescribing physician. Coagulant components (FFP, cryoprecipitate and/or recombinant factors) were transfused according to the PCICU protocol, which was adhered to throughout the trial. Subjects received anticoagulation (i.e., aspirin, enoxaparin, warfarin) as appropriate for their type of cardiac defect, surgical palliation/repair, and post-operative medical management.
URMC Blood Bank blood component therapy procedures
All blood products were pre-storage leukoreduced with a PALL BPF High Efficiency Leukocyte removal filter that removes leukocytes and micro-aggregates from the packed RBC or platelet units. All platelets and RBC were irradiated using a CIS-US IBL 437 Blood Irradiator delivering 2500 centigray. The "age" (number of stored days) of RBC and platelet products prepared for each group was tracked. All blood products were ABO identical.
Washing procedures
A COBE (Caridian, Lakewood, CO) 2991 Blood Cell Processor separated and removed supernatant plasma proteins, preservative agents and micro-aggregates from the RBC or platelet unit by centrifugation (previously published method (56) . After separation and concentration of the RBCs, the supernatant was expressed into a waste bag and two additional washing cycles were repeated by adding 0.9% saline solution.
Platelets underwent a two-wash procedure removing approximately 95% of original plasma proteins, isoagglutinins, antibodies, and blood group A&B substances (previously published method) (57) . Platelet recovery is approximately 80-85% (58) . After washing, platelet units were re-suspended in 0.9% saline.
IL-6/IL-10 ratio
2.0mL whole blood samples were collected in sodium citrate tubes, centrifuged immediately, and the plasma stored at -80° for later IL-6 and IL-10 cytokine quantification. Samples were obtained: 1) in the OR prior to initiation of CPB; 2) once off CPB after the protamine is completed ("post-CPB"); 3) 6 hours "post-CPB"; 4) 12 hours "post-CPB". Measurements of IL-6 and IL-10 cytokine levels were determined by a Luminex beadlyte multiplex assay per manufacturer (Millipore Corporation, Billerica MA) instructions. Interleukin 6 and10 levels were quantified for each subject group and the ratio calculated at each time point.
High sensitivity C-reactive protein (CRP)
CRP was measured pre and post-CPB (as described for the interleukin levels) and on postoperative day (POD) 1-3. CRP testing was performed at the URMC Clinical Laboratories, analyzed by immunoturbidmetric assay (ADVIA 2400 Chemistry System, Bayer Healthcare, Tarrytown, NY).
Clinical outcome measures
Subjects were monitored daily for clinical complications including: sepsis (59), active infection, and thrombosis (based on clinical and/or radiographic data) (60) .
Statistical analysis
All patients presenting for surgery with CPB require blood to be available for possible intraoperative transfusion. Therefore, subjects were randomized to their transfusion group preoperatively, to provide adequate notification to the blood bank of their study assignment and allow for preparation of the blood cooler for surgery. Since the random assignment was not conducted at the time of transfusion, two samples are analyzed, an intention to treat sample and a treatment delivery sample (transfusion recipients).
Sample size calculations were conducted on the treatment delivery sample before initiation of the study. Since it could not be determined prospectively which subjects would not receive any blood products, enrollment was set to exceed that necessary for the sample size calculation to ensure adequate power for the primary aim in transfused subjects.
Previous studies suggest that the mean IL-6/IL-10 ratio rises to approximately 10 fold postoperatively, with a standard deviation conservatively estimated as 4. It was calculated that a sample size of 64 subjects per group would provide 80% power to detect a relatively small group difference of 2 units (one-half of a SD) of the mean IL-6:IL-10 ratio, using an unpaired t-test and a two-tailed significance level of 5%. In all subjects, descriptive statistics (e.g., mean, SD, median, quartiles) of the interleukin levels, their ratio, CRP levels, and clinical outcomes were calculated. As the laboratory outcome data (IL and CRP levels) were not normally distributed, median values were compared using non-parametric tests. For interleukin levels the Mann Whitney test for significance was performed. For comparison of CRP levels, the Wald Wolfowitz test was chosen to test for significance for its sensitivity to outliers after preliminary examination of the data. For clinical outcome data that was normally distributed, t-tests were performed to test for significance. For clinical outcome data that was not normally distributed, and when interleukin levels were compared, Mann Whitney tests were performed. We did not adjust for multiple comparisons as all secondary analyses are considered exploratory in nature All subject data were analyzed at study completion in the manner of "intention-to-treat" to ensure proper statistical interpretation of the study results. Subgroup analysis was then performed for only those children who received RBC transfusions (N = 128) (treatment delivery sample) in order to compare the study intervention of blood cell modification via washing.
A two-way analysis of variance (ANOVA) was performed comparing IL-6 levels and survival between treatment groups. The statistical package for the social sciences (SPSS) version 17.0 (SPSS Inc., Chicago, IL) and Statview (SAS Institute, Cary, NC) were used for all statistical analyses. A p value < 0.05 was considered statistically significant.
Results
From October 2008 to September 2010, 172 children were eligible for study participation. 168 children and families gave informed consent and were randomized. Three subjects did not have surgery performed (palliation was not offered in 2, and central venous access could not be secured for the third), and three subjects had shunt procedures performed off CPB, and were therefore excluded. The remaining 162 subjects underwent surgery and completed study procedures; 81 were randomized to each group. No surviving subjects dropped out of the study, and none were lost to follow-up. Data from subjects that died were included in all analysis (CONSORT chart).
Subject characteristics
There were 62 females (38%) and 100 males (62%). Median age was 7 months (range: 2 days to 17 years) and median weight was 6.75 kg (2.2-106.8kg). Thirty-six (23%) were neonates (age <31 days), 39 (24.1%) had single ventricle physiology, 78 (48%) had cyanotic cardiac lesions, and 31 (19%) had diagnosed chromosomal abnormalities or syndromes. There were no significant differences in baseline characteristics between intent-to-treat or treatment delivery sample groups, and the CPB and surgical management were similar (Table 1) .
Intent-to-Treat Sample (N = 162)
Interleukin (IL)-6 to IL-10 ratio-the median IL-6: IL-10 ratio was zero for both subject groups preoperatively and rose similarly at discontinuation of CPB (0.1 v. 0.2, p = 0.24 for washed and unwashed groups respectively). The median interleukin ratio rose at each postoperative time point, always lower in the washed group. This difference reached statistical significance 12 hours following CPB (6 hours: 3.2 v. 4.4, p = 0.255; 12 hours 4.4 v. 5.5, p = 0.014).
Interleukin 6-For both transfusion groups plasma IL-6 levels rose post-operatively with levels peaking six hours post-CPB. Median IL-6 levels were lower in the washed group at each time point, nearly significant immediately coming off CPB and significant 6 hours after CPB (post-op: 64 v. 94 pg/dl, p = 0.06; 6hr: 113 v. 157 pg/dl, p = 0.05; 12hr: 108 v. 129 pg/ dl, p = 0.116).
Interleukin 10-Interleukin-10 levels rose in both transfusion groups immediately post CPB, with higher levels in the washed compared to unwashed group (517 v. 392 pg/dl, p = 0.922). IL-10 levels fell and were nearly identical between groups at the later post-operative time points ( Interleukin (IL)-6 to IL-10 ratio-When data from only those subjects that received a blood transfusion were compared, the median IL-6: IL-10 ratio was zero for both subject groups preoperatively and rose slightly (0.11 and 0.2 for washed and unwashed groups respectively) at discontinuation of CPB. For both transfusion groups the median IL-6: IL-10 ratio climbed as time from CPB increased, with lower levels in the washed group and the largest between-group difference 12 hours after CPB: (6 hours: 2.4 v. 2.6, p = 0.14; 12 hours: 3. CRP-Median CRP levels were similar and less than one preoperatively for both subject groups (0.4 mg/dl for washed and 0.6mg/dl unwashed subjects). CRP rose postoperatively in all subjects, with lower levels in those subjects receiving washed versus unwashed blood, reaching significance the first post-operative day (POD #1: 38.4 v. 43.1 mg/dl, p = 0.03; POD#2: 58.6 v. 70 mg/dl, p = 0.29) (Figure 3 ).
Blood transfusions-Of the 162 subjects that completed study participation, 34 (21%) did not receive any blood products, 17 in each group. Total number of RBC, platelet, plasma and cryoprecipitate transfusions were numerically but not significantly lower in the washed group compared to the unwashed group (203 v. 260), with a mean of 2.48 ± 3.5 v. 3.22 ± 6.5 (p = 0.37) transfusions in the washed and unwashed groups respectively.
RBCs and donor exposures:
Fewer RBC transfusions were given to subjects in the washed group compared to the unwashed group (191 v. 212), with a mean of 2.34 ± 3.1 transfusions per subject in the washed group, compared to 2.63 ± 4.0 in the unwashed group (p = 0.61). Correspondingly, the washed group had fewer RBC donor exposures than the unwashed group (154 v. 165), with a mean of 1.9 ± 2.1 RBC exposures per subject in the washed group, compared to 2.04 ± 2.5 in the unwashed group (p = 0.7).
Pro-hemostatic blood components:
The washed group received fewer peri-operative platelet (4 v. 15), plasma (5 v. 15), and cryoprecipitate (2 v. 9) transfusions than the unwashed group, though these differences were not statistically significant (Table 2) .
Storage Age: The storage age of the RBCs transfused to each treatment group was similar (16.1 ± 7.3 and 17.6 ± 8.7 days; p = 0.23) for the unwashed and washed groups respectively. All platelets were transfused between 3-5 days following collection (the first 3 days were required for infectious disease testing). FFP was transfused within 24 hours, and cryoprecipitate within 6 hours of thawing.
Clinical Outcomes
Protocol violations occurred in three subjects (<2%), one in the washed group and two in the unwashed group. The washed group subject was a neonate with hypoplastic left heart syndrome (HLHS) following modified Norwood (Sano) palliation who received one unwashed platelet transfusion; (all other transfusions were according to protocol). The two unwashed subjects both required extracorporeal membrane oxygenation (ECMO) support, and per the current standard of care at URMC, all cellular blood products transfused on ECMO are washed to prevent hyperkalemia. The first subject had HLHS with Glenn shunt complicated by atrioventricular valve regurgitation. He underwent St. Jude valve replacement and was on ECMO for ten hours post-op, then returning to the unwashed strategy. The second subject had anomalous right and left coronary arteries (off the main pulmonary artery) and transitioned from CPB to ECMO. He received washed blood on ECMO and subsequently died when ECMO was discontinued on POD #4.
Although not powered to test for statistical differences, clinical outcomes were similar between subject groups (intent to treat). When clinical outcomes were compared between only those children who received transfusions, the results remained similar (Table 2) .
Only one subject in the unwashed arm underwent re-exploration for bleeding (first ECMO subject described above). There were eight (4.9%) deaths overall (2 in washed group, 6 in unwashed group), with a higher mortality rate in the unwashed (7.4%) than the washed arm (2.5%) of the study, however this difference was not statistically significant (p=0.15). Five were neonates undergoing stage 1 palliation, two required ECMO (details above), and one was and infant with Trisomy 21 and an atrioventricular septal defect who succumbed from a pulmonary hypertensive crisis.
In the 120 subjects who survived, IL-6 levels were similar between transfusion groups. When the mean IL-6 levels were compared in subjects who later died, six hour post-op levels were significantly higher in those subjects who received unwashed transfusions (125 v. 750 pg/dl; p< 0.01) with higher levels of IL-6 associated with death ( Figure 4 ).
When subjects with clinically significant infections were studied, six hour IL-6 and POD #2 CRP levels were significantly higher in those subjects receiving unwashed transfusions (IL-6: 427 v. 176 pg/dl, p <0.01; CRP: 147 v. 91 mg/dl, p < 0.01) compared to washed group subjects.
Discussion
In this study, washing RBC and platelets transfused to children undergoing open heart surgery reduced post-operative inflammatory biomarkers. Subjects transfused with washed blood had significantly lower post-operative IL-6 levels and lower IL-6:IL-10 ratios than subjects receiving unwashed blood, consistent with a more favorable inflammatory profile. As previous work has demonstrated, higher IL-6 levels are associated with greater illness severity, longer length of hospital stay, sepsis and death (61), although not powered to assess for clinical outcomes, we believe our results may have clinical implications. This is supported by the fact that IL-6 levels are known to rise following CPB (62) (63) (64) and correlate with postoperative morbidity (65) . Furthermore, in pediatric patients following CPB, postoperative IL-6 levels correlate with length of inotropic support, mechanical ventilation, and increased oxygen requirement (66) , and patients undergoing the most complex surgeries have the highest levels of IL-6 (67).
In this series, IL-10 levels immediately off CPB were numerically but not significantly higher in subjects receiving washed blood compared to those receiving unwashed blood. These results are consistent with an improved inflammatory balance as IL-10, an antiinflammatory cytokine (68) , stimulates the compensatory anti-inflammatory response syndrome (69) , with elevated levels correlating with adverse clinical outcomes including multiple organ dysfunction, sepsis (70) (71) (72) and mortality (73, 74) . Interleukin-10 levels are known to rise following pediatric cardiac surgery with CPB (75) (76) (77) . In this study, IL-10 levels were lower 6 and 12 hours post-CPB in subjects receiving washed blood, likely due to lower IL-6 levels at those time points, requiring a less vigorous compensatory response. Our results indicate that, in addition to leukoreduction, further modification of stored blood cells with the removal of residual leukocytes and bioactive substances by washing, decreases the inflammatory response in the recipient. Whether this may lead to improved clinical outcomes warrants further study. Additionally, the effect of RBC storage duration requires consideration. It has been hypothesized that "older" RBCs are more likely to be associated with adverse clinical outcomes than "fresh" blood (79) . We believe that it is the bioactive mediators in the supernatant of older RBC that is likely responsible for the proinflammatory (and potential clinical) impact on the transfusion recipient. We propose that adverse effects from increased numbers of RBC and component therapy transfusions, and storage duration, may be ameliorated by washing. As neonates and infants undergoing cardiac surgery with CPB receive the largest numbers of RBC and platelet transfusions, we believe they are particularly susceptible to the inflammatory impact of those transfusions, and would benefit most from the washing of those cells.
This study is limited in that it was not powered to test for clinical outcomes. Biomarkers were chosen as primary outcome measures as they are continuous variables (improving power) strongly associated with adverse outcomes. Local patient numbers precluded powering the study for clinical outcomes which would be of greater relevance. It is possible that there is a significant genomic component to the measured biomarkers and children may behave very different clinically, with similar biochemical profiles. Fortunately, the two study groups had similar pre-operative interleukin levels and similar demographics including genetic and comorbid conditions. Larger studies following biomarkers over time, both pre and post-operatively, may help to better delineate the correlation between an individual's biomarker level and their clinical condition. The short term measurements of interleukin levels are a limitation of this study. Serial measurements of interleukin levels over a longer post-operative period would add important information regarding the impact of the transfusion strategy on both laboratory and clinical parameters.
A study with a more homogenous subject population undergoing similar surgeries would be of greater interest, as it would allow for more direct between-group comparisons. As neonates and young infants receive the largest numbers of RBC and platelet transfusions, it would be more rigorous to study only those subjects, and the results would be more powerful with less heterogeneous cardiac defects and surgical procedures. Local subject numbers precluded use of such a restricted study population and would require a multicenter trial. Additional subgroup analysis of subjects undergoing similar cardiac procedures and tests for associations between laboratory measures and clinical outcomes is needed.
Of note, none of the 34 patients who were randomized but did not receive transfusions died, emphasizing, in our view, that transfusion is both a marker for severity of illness/difficulty of surgery, as well as a potentially toxic therapy. Leukoreduction has been proven to reduce the toxicity of transfusion in cardiac surgery (18) , and our results suggest that supernatant removal by washing may have the potential to further reduce the morbidity that follows transfusions in this setting. Preliminary data from a small randomized trial suggests that washed transfusions may improve clinical outcomes in a very different patient population, adults with acute leukemia (48) .
Furthermore, at the time of study design reviewers and clinicians expressed concern that the time necessary to perform washing procedures would place subjects at risk from delays in receiving necessary blood transfusions (particularly platelets). There was only one subject where active mediastinal tube bleeding was thought to preclude waiting 2 hours for platelets to be washed, resulting in only one such protocol violation in all 164 subjects. The other two protocol violations in fact caused unwashed group subjects to receive washed products due to their increased safety profile. The extremely low rate of protocol violations in this study indicates that the technical challenge and time necessary for washing does not preclude use of washed products even in this critically ill post-operative population.
In this series very few subjects, <3%, required platelet, FFP and/or cryoprecipitate transfusions. This suggests that routine use of these products is unnecessary for achieving excellent results in terms of morbidity and mortality. Indeed, transfusion of these blood components probably carries significant risks. Our local CPB strategy does not include use off FFP in the prime, nor routine use of these pro-hemostatic products on/or coming off CPB, and very few of our patients required such products. Additionally, low numbers of RBC transfusions were utilized in this series when compared to many institutions. The low number of RBC transfusions and platelet transfusions may actually have hindered the detection of a beneficial clinical effect of washing. When larger numbers of RBC and platelet transfusions are given, washing potentially would have greater impact. A similar study performed in a center where larger numbers of RBC and platelet products are transfused, may have produced more striking clinical results.
Two subjects in the unwashed group (but no washed group subjects) required ECMO support, contributing to the larger numbers of total RBC and coagulant product transfusions in the unwashed group. A larger study with more patients on ECMO may demonstrate that the larger volume of blood product transfusions may overwhelm any potential benefit from blood cell modification via washing. However, the significant risk of electrolyte disturbances associated with large volume transfusions prompts washing of blood transfused on ECMO to be performed at many centers. Therefore the "sickest" patients may end up receiving washed blood and future studies may choose to exclude subjects requiring ECMO from data analysis. In the current study when the two ECMO subjects were removed from the analysis the difference between transfusion groups persisted (220 RBC and 14 coagulant product transfusions in the unwashed group v. 202 RBC and 12 coagulant product transfusions in the washed group).
Our results are particularly generalizable as virtually all eligible patients were enrolled over the 23 month period of the study. Data from the current study demonstrate that modification of RBC and platelet transfusions by washing mitigates post-transfusion inflammation and immunomodulation and non-significantly reduced the number of transfusions and donor exposures. Whether these laboratory findings are clinically relevant, and whether they are reproducible in other institutions, remains unknown. Whether the trend towards fewer transfusions in subjects receiving washed blood persists in larger studies would be of great interest, as would be testing for an association with post-operative complications. A large multi-center clinical trial powered for clinical outcomes is warranted. Focus on those subgroups undergoing similar cardiac procedures would add strength to such study. Expansion of clinical trials of washed transfusions to other critically ill patients is warranted by the results of this and previous studies.
Conclusions
This is the first investigation in any clinical setting demonstrating that removal of stored red cell supernatant prior to transfusion reduces inflammatory biomarkers in the period after transfusion. As previous studies have demonstrated an association of these laboratory signals with clinical outcomes, we postulate that washing blood cell products may decrease post-operative complications. Washing blood transfused to children undergoing cardiac surgery with CPB can be done safely, without increased risk of bleeding or adverse outcomes, despite the time required for this modification.
In this study use of washed products numerically but not significantly decreased the total number of RBC and pro-hemostatic component transfusions, and donor exposures. Adoption of a washed blood cell transfusion protocol should be considered in order to limit the potential risks of blood cell transfusions, particularly in high-risk infant and neonatal populations. That subjects randomized to receive washed transfusions required fewer RBC and component transfusions is of great interest as the risks associated with blood transfusions are increasingly recognized, with larger numbers of transfusions associated with worse clinical outcomes (80) . These results should provide an impetus for larger studies of washed transfusions powered for clinical outcomes to confirm these results and determine their clinical significance. Between group comparison of IL-6 levels in transfused subjects. Shown are box plots for the median (middle of the box) and 75 th percentile (upper edge of each box) of each distribution, with outliers beyond the 95 % confidence intervals shown as individual points. For the pre-op values, the median is zero and superimposed on the x axis and thus no box is shown. The lower end of the box (the 25 th percentile) often falls below zero, and thus is not visible in some cases. P values are shown for individual comparison of the distributions for the washed and unwashed transfusion recipients. Only at 6 hours post-op is there a striking difference between the washed and unwashed arms, with many more high outliers and a higher median level in the unwashed group. Between group comparison of C-reactive protein in transfused subjects. Shown are box plots for the median (middle of the box) and 75 th percentile (upper edge of each box) of each distribution, with outliers beyond the 95 % confidence intervals shown as individual points. The lower end of the box (the 25 th percentile) often falls below zero, and thus is not visible in some cases. For the pre-op values, the median is zero and is superimposed on the x axis and thus no box is shown. P values are shown for individual comparison of the distributions for the washed and unwashed transfusion recipients. Only on day 1 post-op is there a striking difference between the washed and unwashed arms, with many more high outliers in the unwashed group. Association of IL-6 and survival in transfused subjects. Bar charts displaying the mean and 95% upper confidence interval for each group are shown. Patients in the unwashed group had higher mean levels of IL-6 at 6 hours as shown in Figure 2 , this difference being primarily due to the very high 6 hour IL-6 levels in the six patients in the unwashed arm that died. Values expressed as: number (%); mean ± SD, or median [range]. Independent t-tests were performed for data that was normally distributed. Mann-Whitney tests were performed to compare data that was not normally distributed.
* Other surgeries include: subAortic membrane resection, pulmonary artery unifocalization, coronary re-implantation and repair of partial or total anomalous pulmonary venous return.
